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Abstract 
 

Timber gridshells are a very efficient way of covering large spaces while also providing a unique 

architectural and material quality. As this can still be considered an emergent technology, the design 

of such buildings has relied on a relatively substantial amount of experimental work. 

This thesis, upon reviewing the design and construction processes of previous timber gridshells, puts 

forward a structural model that aims to represent the true nature and specifics of single and double-

layered timber gridshells. The parametrically determined geometry of a computational prototype is 

described and used as a basis for a non-linear elastic numerical analysis. 

Particular attention is given to modelling the connections between the timber laths that provide 

composite bending action in a double layer grid. The deformation behaviour and the imperfection 

sensitivity are assessed with a view to understanding how gridshells respond under different 

conditions.   

A new gridshell will inevitably be analysed with computer software, but the information presented in 

this dissertation will be useful for scheme design as well as the calibration of the computer analysis. 
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but also a need for it in order to fully exploit the available potential. However, the specificities would 

be directly linked with the demands of new projects. 

A significant part of the available potential lies within the realm of digital computation and timber 

gridshells are open to the possibilities of parametric manipulations and real-time feedback, to name 

just a few of the benefits of the digital age.  

It is also seldom, within this framework of digital form-finding that has largely decoupled materiality 

from the overall process of design, to have a typology which is as intrinsically material as the post-

formed timber gridshell. It is the nature of the material that allows for the doubly-curved shape, for 

the strength as well as for the construction method. 

Furthermore, the distinction between analysis and design is critical in the discussion of timber 

gridshells. Designing involves the application of the required safety factors to materials, geometries 

and loads and leads to a satisfactory degree of safety during and after construction. Analysis, in this 

case, relates to the investigation of the behaviour of timber gridshells under loading and to the 

various ways of modelling such a structure in an accurate way. The more accurate this behaviour is 

modelled and the better it is understood, the more confident professionals would be in employing 

this technology as part of their architectural choices and structural solutions.  

Interestingly, continuity of the people and the consultancies involved in most of the timber gridshell 

projects built so far has been key to their commissioning and realisation. This is a sign that the 

knowledge and skills involved in designing and constructing them are highly specialised and also, 

that confidence has been built through experience and long-term relationships between the 

stakeholders. Further research and awareness of the timber gridshell technology, together with a 

better understanding of its complexity are therefore essential towards making it part of standard 

architectural and structural expression. 

Original Contribution 
This thesis presents a review of relevant literature concerning the design and construction of timber 

gridshells together with the theoretical foundations for this type of structure. The projects that have 

been realised so far are documented and critically appraised within the context of the development 

of the technology. 

In order to further the understanding of the behaviour of timber gridshells, a computational 

prototype based on the experimental Essen structure is developed within a parametric geometric 

framework. This prototype is used as the basis for a structural model compatible with a commercial 
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structural analysis suite and features connector elements that simulate the layered nature of timber 

gridshells. 

The non-linear analysis method available within the commercial software is validated and 

subsequently used in the investigation of the structural behaviour of non-braced single and double 

layered timber gridshells. Specific emphasis is placed on the connections at the nodes, their 

structural type and stiffness as well as on pre- and post-buckling behaviour of the structure. Further 

investigations are made concerning imperfection analysis and asymmetric loading. 

Finally, the accuracy of the results and the numerical method used are discussed and critically 

appraised together with a discussion on aspects of design, analysis and proof-of-concept 

experimental work required in the realisation of previous timber gridshell projects. 

Outline 
Chapter 1 looks at the historical development of the timber gridshell technology, starting with the 

1962 Essen exhibition and leading up to the latest examples including the Savill Garden Building in 

2006. The evolution of the design method is outlined and discussed together with the evolution of 

the various structural systems employed. Furthermore, the typology of the timber gridshells is 

discussed in the wider context of architecture, sustainability and professional practice. 

Chapter 2 presents an outline of the theoretical background for the behaviour of shells and also of 

linear and non-linear buckling theory. 

Chapter 3 shows the methodology employed in this investigation, looking at the software suites 

used and data exchanges between geometrical and structural analysis packages. The definition of 

the geometry for the model investigated is also described. 

Chapter 4 describes in detail the structural analysis suite used throughout the research with a focus 

on its features and methods. The specifics of the structural model that is based on the Essen 

prototype and that is used in the analysis are also presented. The method used is validated against 

previous work. 

Chapter 5 presents the results of the investigation and provides a critique on the accuracy and 

validity of the outcomes. 

The conclusion reviews the work carried out, places it in the wider context referred to at the 

beginning of this introduction and makes recommendations for future work that would ultimately 

lead to an increased awareness, appreciation and understanding of the timber gridshell technology. 
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Figure 1. 6 Single-layered and Double-layered timber gridshell element 

This was mostly due to the fact the much larger spans required a much higher out-of-plane bending 

stiffness and consequently, higher second moments of area in the individual timber members. This 

could be achieved by simply increasing the size of these members, but the method of construction 

(discussed in more detail in Section 1.4) necessitates taking full advantage of the low torsional 

properties of timber in order to bend the long laths into shape. The thicker the sections, the more 

likely it is that they would rupture during construction, or not even be able to achieve the desired 

curvature. 

However, larger section sizes together with tight radii of curvature required for the final shape led to 

the idea of doubling the number of layers, thus increasing the second moment of area but also 

maintaining the desired flexibility in the member. 

The IBOIS laboratory for timber construction of the École Polytechnique Fédérale de Lausanne has 

developed an alternative layering system that uses multiple strips of timber nailed together to form 

a curved gridshell. Two projects have been built so far that use this technique, the Polydôme in 

Switzerland (Natterer and MacIntyre, 1993) and the Roof for the Main Hall at EXPO 2000 in 

Hannover, Germany (Natterer et al., 2000). Furthermore, Natterer and Weinand (2008) have 

investigated the modelling of such layered beams with inter-layer slips with particular emphasis on 

the shear stiffness of one connector under different conditions. Although similar in topic, this thesis 

is concerned with the overall behaviour of a gridshell using the first system described.   

Bracing systems 
As discussed above, timber gridshells cannot resist diagonal forces by the lath configuration only and 

this means there is a need to provide additional diagonal stiffness. Happold and Liddell (1975) 

outline four ways in which resistance to diagonal forces can be achieved (Figure 1.7): 

a) by introducing rigid joints at the nodes; 

b) by introducing diagonal cross ties; 
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Figure 1. 9 Connection detail. Left: Slotted hole connection. Middle: Pattented nodal connection. Right: Pattented nodal 
connection with rib-lath stiffener (Harris et al., 2003a) p31,32 

1.2 Examples 
The following table (Table 1.2) presents a summary of the most significant timber gridshells that 

have been built so far. They are described in more detail below. 

Gridshell Essen Mannheim Weald & 
Downland Savill Garden 

Year 1962 1975 2002 2006 

Architect Frei Otto 
Frei Otto with 
Murschler & 

Partners 

Edward Cullinan 
Architects 

Glenn Howells 
Architects 

Engineer Frei Otto Arup Buro Happold 

Engineers HRW 
with Buro Happold 

for timber 
gridshell 

Type Single-layered Double-layered Double-layered Double-layered 

Timber Oregon Pine Hemlock Oak Larch 

Span 15m x 15m 60m x 60m and 
40m x 40m 48m x 15m 90m x 25m 

Grid size 0.48m 0.5m 1.0m and 0.5m 1.0m 

Lath size 40mm x 60mm 50mm x 50mm 50mm x 35mm 80mm x 50mm 

Connector Slotted holes with 
bolts 

Slotted holes with 
bolts 

Patented nodal 
connection Shear blocks 

Bracing N/A 
Diagonal twin 

6mm ties every 6th 
node 

Timber cross laths, 
longitudinal and 

transverse 

Membrane action 
via twin 12mm 

plywood cladding 

Table 1. 2 Description of timber gridshell projects 
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Figure 1. 23 Mannheim gridshell construction. Lifting into shape. (SMDArquitectes) 

Subsequently, the Downland gridshell adopted a substantially different technique that involved 

starting at an elevated level and harnessing gravity for post-forming instead of pushing upwards 

against it (Harris et al., 2003b) as illustrated in Figure 1.24. For the Savill project, a similar approach 

was decided upon as it offers some advantages over pushing upwards from ground level. These 

include the ability to have the support systems in position before forming and not having to 

maintain lifting machinery on site for prolonged periods during the stiffening of the gridshell. 

 
Figure 1. 24 Weald and Downland gridshell construction. Lowering into shape. (Harris et al., 2003a) p32 

In the case of small scale projects, benefits arise from the low weight of the structure and as a 

consequence they can be lifted using a crane (Essen) or assembled on the ground, connected to the 

supports, which are then pushed to their right position (Naples). According to Frei Otto, the 15 m by 

15 m Essen gridshell was erected in only six hours (Happold and Liddell, 1976). Detailed accounts of 

the erection process for the Mannheim and Downland gridshells are presented respectively by 

Happold and Lidell (1975) and by Harris et al. (2003b) and Kelly et al. (2001).  
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Furthermore, as described in Section 1.6, this technology is not yet entirely in the mainstream of 

architectural and engineering language and clients often feel the need to for a proven record of the 

knowledge and skills from the consultancies and contractors they employ. 

 
Figure 1. 25 Timber gridshell cost comparison4 

In terms of cost, the Weald & Downland gridshell was ultimately priced at £1097 per m2 gross floor 

area, while the gridshell roof and cladding constituted 28% of the entire building costs (Harris et al., 

2003b). Furthermore, according to (Harris et al., 2003b) it ranks slightly below medium on a scale of 

typical visitor centre building costs. 

Figure 1.25 shows a cost comparison between the three major timber gridshell projects that have 

been built so far with regard to the gridshell cost only. The values are obtained from the data 

collected from the papers published on their design and construction and updated to 2010 GBP 

(Officer and Williamson). Based on Harris et al. (2003b) the gridshell cost of the Savill Garden and 

Weald and Downland was assumed to be 28% of the entire structure. As a measure of comparison, 

the cost of The Palacio de Comunicaciones5 in Madrid, one of the more recent steel gridshells, 

constructed in 2009, is also shown. The comparison illustrates the financial viability of timber 

gridshells in relation to similar types of structures constructed from other materials and also shows 

that this has been the case since the first project was completed (Mannheim). 

Furthermore, timber gridshells are very efficient ways to span large distances. Figure 1.26 shows a 

comparison of their self-weight against the covered area. The area was chosen as representative 

because of the different shapes that they cover and choosing a single span would penalise some in 

reference to the others. In addition, as a measure of comparison, the British Museum Great Court 

Roof was also included. The relative sizes of the bubbles are a representation of the relative sizes of 

                                                           
4 Palacio de Comunicaciones cost based on Libertad Digital Sociedad  
5 Communications Palace Courtyard Roof by Schlaich Bergermann und Partner 
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the floor areas covered by each of the structures with the labels denoting the weight per m2 and the 

area in m2. 

 

Figure 1. 26 Timber gridshell weight and covered area comparison6, 7, 8, 9, 10 

In order to better compare these 

structures, the values were normalised 

against the reference values of the British 

Museum Roof and plotted in Figure 1.27. 

The result of this is that timber gridshells 

compare very well with steel ones. For 

example, the Savill Garden Building 

weight and covered area are both around 

40% of that of the British Museum, 

whereas the Mannheim Multihalle 

weighs only 20% while covering 60% of 

the British Museum area. This was 

however intended to be a temporary 

building. 

 

                                                           
6 British Museum Great Court Roof weight based on Pearman, H., 2000. Empire in the sun. The Sunday Times. 
London. 
7 British Museum Great Court Roof area based on Brown, S., 2005. Millennium and beyond. Structural 
Engineer, 83, 34-42. 
8 Mannheim weight taken from Happold, E. & Liddell, W.I., 1976. Discussion - Timber Lattice Roof for the 
Mannheim Bundesgartenschau. Structural Engineer, 54, 247-257.  
9 Weald and Downland weight based on timber quantity only 
10 Savill Garden weight based on timber laths and plywood covering only 
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Figure 2. 5 Simple non-linear buckling model. Left: Rigid rod under axial compression. Middle-left: Couple C against 

rotation. Middle-right: Physical realisation of such a spring. Right: Equilibrium paths (Calladine, 1983) p557,558 

 

Following the body of knowledge accumulated during the past century regarding stability and the 

behaviour of shells, gridshells have also become a significant research topic with focus on a 

multitude of subjects such as the rigidity of joints and imperfection sensitivity (Bulenda and 

Knippers, 2001) and (Yamashita and Kato, 2001).  

In addition, Malek (2012) describes a parametric study on the topology and topography of gridshells 

and proposes design guidelines that are to be used in the design of such structures. Finally, Gioncu 

(1985) provides a detailed account of the state-of-the-art in the field gridshell buckling. 
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Figure 4. 4 Arches with three subtended angles Left: Undeformed shape Right: Deformed shape 

 

Figure 4. 5 Subtended arch comparison. Top-left: Buckling Loads. Top-right: Vertical Deformations. 

Bottom: Load-deformation curves 
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Discussion 
The results obtained by studying a 2D arch model using the non-linear method available in Robot 

have been compared to two independent analysis models yielding similar values for the buckling 

loads of an arch, for the deflections incurred, as well as for the overall behaviour of the load-

deformation curves. 

The only major disparity occurs in the case of analysing the arch with 60 degree subtended angle, in 

which case the difference in the buckling loads between Robot and the results presented in 

(Happold and Liddell, 1976) was 15%, with Robot producing the higher value. This may be caused by 

limited number of nodes used in both cases. 

Based on this work there is enough confidence to proceed with the investigation of the gridshell 

models using Robot and the method outlined here. 

4.2 Timber Gridshell Structural Model 

Requirements 
Timber gridshells feature a layered system that provides depth and that is achieved by overlapping 

sets of laths arranged in opposite directions. In order to replicate this, the geometrical and structural 

model was created by introducing offsets between the successive layers of laths. These offsets were 

created by the introduction of connector elements, 50 mm in length between adjacent layers. 

Section 3.3 provides details of this layering system (Figure 4.8). The author has not found literature 

concerning the development of this type gridshell modelling.  

 
Figure 4. 8 Robot bar model superimposed over real timber gridshell layers. Left: Single-layered. Right: Double-layered. 

The data exchange between Rhino and Robot was achieved using layers (in Rhino) which became 

groups (in Robot) that allowed for modifications of specific properties for different components, 

specifically the connector stiffness. This was done by changing the size of the connector cross-

section.  

Furthermore, shear stiffness at the connections was shown to be crucial in relation to the behaviour 

of the gridshell and the transfer of shear at each node was accomplished using the friction between 
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The six nodal degrees of freedom available for the connector are schematically represented in Figure 

4.9 and it can be seen that each node has three translational and three rotational degrees of 

freedom. The local X-axis is always oriented along the bar and all of the degrees of freedom are fixed 

with the exception of Rx, which for the purposes of this investigation is either fixed or released. 

When Rx is released, there is no rotational resistance to the twisting of the bar around its local X-

axis. 

 

Figure 4. 9 Nodal degrees of freedom in Robot 

 

Load Application 
Robot offers multiple possibilities for applying loads to structural models, including point loads and 

imposed displacements which were used in the non-linear method validation presented in Section 

4.1. In the case of the gridshell prototype, uniform line loads are applied to the laths only, and in the 

case of the double-layered model, to the top two layers called Top_1 and Top_2. This is because any 

roofing structure applied to the gridshell would be connected to these top laths and this would also 

transfer any wind or snow loads onto the laths directly.  
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5. Structural Analysis 

5.1 Overview 
This investigation looks at Buckling loads, Elastic Collapse Loads, Start of Non-Linear behaviour and 

Load-Deformation Curves. For the latter, the gridshell layout does not provide for a single mid-span 

node but a mid-span grid element (square) that is defined by four nodes. The model is geometrically 

symmetrical and when the model and load application are also symmetrical, the vertical deflections 

of the four points were the same.  

5.2 Single Layered Model 

5.2.1 Connection Fixity 
The initial phase of this numerical investigation looked at the behaviour of the single-layered timber 

gridshell model with and without the rotational release Rx for the connector elements. Furthermore, 

a separate analysis was performed on a single-layered model that did not have an offset between 

the sets of laths and no connector elements, thus being fully fixed. Figure 5.2 1 explains the 

differences between the three types of arrangement. 

The graphs below (Figure 5.2 2) show the comparison between the buckling loads achieved in the 

three cases as well as the corresponding vertical deformation of the mid-point.  

It is clear that the torsional rigidity of the connector elements is crucial in the behaviour of the 

model. In the case of the rotationally released connectors, the buckling load is reduced to less than 

half (47%) of that for the model with fully fixed connectors. Furthermore, the model which did not 

feature an offset between the layers and no connectors proved to be even stronger by about 18%. 

This is due to the fact that introducing an offset between the layers does not influence the cross-

sectional characteristics of the laths but it does introduce another degree of flexibility to the 

Figure 5.2 1 Connector model showing fixed nodes with and without an offset and released nodes 
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